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The 42 kDa endochitinase gene of Trichoderma hamatum was expressed in tobacco, led by the constitutive 35S promoter of Cauliflower
Mosaic Virus and the inducible Actin 7 promoter of Arabidopsis thaliana. Transgenic tobacco events containing the 35S promoter had increased
chitinase levels in the leaves and enhanced tolerance to Botrytis cinerea, but their stems were still susceptible to infection. When the Actin 7
promoter was used, the resulting transgenic tobacco events exhibited tolerance to the pathogen even in the stem. The presence of the transgene was
monitored by PCR analysis and the sequence of the PCR product confirmed the integration of the chitinase gene. Analysis of the transgenic plants
showed that the lines were heterogeneous. Southern hybridization confirmed a single copy of the transgene in lines transformed with the 35S
promoter, while the copy number was 1–4 in lines transformed with the Actin 7 promoter. Compared to the untransformed control, chitinase
activity was higher in the leaves of the transgenic plants. This increase was not observed in the stems. In this comparative promoter analysis the
stress-induced promoter proved to be more effective in obtaining mould-resistant plants.
© 2008 SAAB. Published by Elsevier B.V. All rights reserved.Keywords: Actin 7 promoter; CaMV 35S promoter; Chitinase; Mould resistance; Transformation1. Introduction
Despite the extensive use of fungicides, plant pathogenic fungi
cause severe yield losses every year. The use of environment-
friendly technology to protect crops is given priority at present
and is supported by public opinion. Plant resistance breeding is an
effective way of protecting crops against various phytopathogenic
fungi, but is laborious and time-consuming. It is a well-known
phenomenon that resistance genes tend to be inherited in clusters
with undesirable traits, which is difficult to eliminate. In addition,
pathogens are capable of rapidly mutating and overcoming the
resistance. The recent molecular biology revolution has led to the
development of molecular tools to engineer plant disease re-
sistance. This can be performed in various ways. The application
of antifungal proteins, or the engineering of the secondary meta-
bolism pathways involved in phytoalexin synthesis may confer⁎ Corresponding author.
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doi:10.1016/j.sajb.2008.01.003plant defence mechanisms (Punja, 2001). A very promising
development in this field is the use of the antifungal activities of
certain soil-borne fungi in biological control.
Trichoderma species are used in plant protection as they
produce proteins (chitinases and glucanases) with antifungal
properties. Zimand et al. (1996) demonstrated that Trichoderma
harzianum reduced the germination and germ-tube elongation of
the conidia of Botrytis cinerea on bean plants. Induced systemic
resistance could be observed after Trichoderma treatment in a
variety of plants (reviewed by Scala et al., 2007). This effect can
be used either directly or indirectly, for example a transgenic plant
expressing a gene coding for these proteins may become more
tolerant or even resistant to the fungal disease (reviewed by Punja,
2001).
Lee and Lee (2007) reported that Trichoderma hamatum
protected eggplant, pepper and zinnia seedlings from damping-off
caused byRhizoctonia solani. Fekete et al. (1996) andGiczey et al.
(1998) cloned a 42 kDa endochitinase gene from T. hamatum.
When Trichodermawas transformed with its own gene, it resulted
in higher expression of the gene of interest, and the transformed
fungus could be used for more effective biological control. Thists reserved.
Fig. 1. Schematic illustration of the transformation constructs pNK6 (A) and
pBin19-AcTh (B). Abbreviations: RB, LB: border sequences of the T-DNA; Pnos,
Tnos: promoter and terminator region of the nopalin synthase gene; PAct7, TAct7:
Actin 7 promoter and terminator; nptII, nptIII: neomycin phosphotransferase
genes; P35S: 35S promoter of the Cauliflower Mosaic Virus; Tetr.: gene res-
ponsible for tetracycline resistance; P1, P2: the region between these points was the
probe for Southern hybridization; HindIII, ApoI, BglII, KpnI, NcoI, SacI:
restriction sites used for cloning experiments; EcoRV, NdeI: restriction sites used
for Southern hybridization.
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cing the resistance to fungal pathogens in plants. This 42 kDa
endochitinase gene was expressed in tobacco in an earlier study
(Kálai et al., 2006). The transgenic tobacco events showed in-
creased tolerance to mould infection caused by B. cinerea. The
chitinase level in the transgenic plant leaves increased concurrently
with greater tolerance to the attacking fungus, but the stems the
plant part that the fungus usually attacks, remained susceptible to
the infection. It is clear that in order to protect crops the expression
level of the chitinase gene must be increased, either by selecting a
higher expressing transformant line or byusing different promoters
to drive the transgene.
The most widely used promoter is the 35S promoter of the
Cauliflower Mosaic Virus (CaMV 35S) (Covey et al., 1981),
which is a component of transgenic constructs in more than 80%
of genetically modified plants (Hull et al., 2000). This promoter
constitutively drives the expression of the transgene due to its
high transcription activity. However, its efficiency is dependent
on the plant species. Other constitutive promoters are also
available, such as CaMV19S (Balázs et al., 1985) and the tobacco
promoter eIF4A-10 (Tian et al., 2005). Since these promoters do
not work satisfactorily in monocotyledonous plants, specific
promoters have been developed, such as the rice actin 1 andmaize
ubiquitin 1 gene promoters, which result in high constitutive
expression (Bajaj and Mohanty, 2005). The expression of the
transgene in different parts of the plant can be increased by the use
of tissue-specific promoters, including flower-specific promoters,
such as the fbp1 promoter of petunia (Sriskandarajah et al., 2007)
or root-specific ones, such as the PHT1 gene of Arabidopsis
(Koyama et al., 2005). Other promoters are also available, such as
the Actin 7 gene of Arabidopsis thaliana. The actin genes of this
plant can be expressed in various tissues and are regulated in
different ways (McDowell et al., 1996a). Actin 7 is the only gene
known to be activated only after auxin treatment or wounding
(McDowell et al., 1996b), so the transgene driven by the promoter
of this gene will only be expressed after external stimuli. This was
thought to cause a stronger expression level and was used in the
present experiments.
Several transgenic tobacco events generated in earlier work
showed mould resistance only in the leaves, while the stems
remained susceptible. To overcome this problem, work was ex-
tended to develop transgenic plants showing mould resistance not
only in the leaves but also in the stem. The Actin 7 promoter
appeared to be more active than the constitutive 35S promoter, as
this promoter was activated by various stresses including fungal
attack. Hence this study was undertaken to compare the ex-
pression of chitinase driven by the two different promoters in
transgenic tobacco.
2. Materials and methods
2.1. Transformation vectors
Two constructs were used for Agrobacterium-mediated plant
transformation, both of which contained the 42 kDa chitinase
gene of T. hamatum. Construct pNK6 is shown in Fig. 1 A and
was outlined earlier (Kálai et al., 2006).The base of the pBin-AcTh construct was the plasmid pBin 19,
which contains the neomycin phosphotransferase gene on its T-
DNA, between the border sequences. The 42 kDa endochitinase
gene of T. hamatum was amplified from the pECK1 construct
(Giczey et al., 1998) with the following primers: 5′ GCACCA-
TGGTGGGCTTCCTCG3′ (kit-start) and 5′AAAAACAGATC-
TTTAGTTAAGACCGCTTCG 3′ (kit-stop). The kit-start primer
contained an NcoI site and the start codon, while the kit-stop
contained a BglII site and the stop codon. The 1492 bp amplified
fragment was digested with restriction enzymes and was inserted
into the cloning site of the Actin 7 promoter, whichwas harboured
by the Bluescript KS plasmid. The Actin 7 promoter and termi-
nator with the endochitinase gene was introduced into the KpnI
Fig. 2. Detection of the transgene in transformant tobacco lines with Trichoderma hamatum endochitinase-specific primers. Lines 1–6: different 35STh tobacco lines;
7: untransformed tobacco; 8: pNK6 plasmid; 9: 1 kb DNA ladder; 10: negative control without DNA; 11: untransformed tobacco; 12–16: different AcTh tobacco lines;
17: pBin19-AcTh plasmid; 18: λ PstI DNA ladder. The size of the amplified fragment was 164 bp.
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(Fig. 1 B). This construct was transformed into the Agrobacter-
ium tumefaciensLBA4404 strain. Standardmolecular techniques
(Sambrook et al., 1989) and Quantum Prep PlasmidMiniprep Kit
(Bio-Rad) were used for the preparation of the constructs.
2.2. Transformation of tobacco
Nicotiana tabacum L. cv ‘Xanthi’ leaves were used as explants
for transformation. The transformationwas carried out as described
byHorsch et al. (1985). The hormone and antibiotic contents of the
medium was given by Kálai et al. (2006). Kanamycin-resistant
plantletswere rooted and planted out in the greenhouse. Seedswere
collected from the plants.
Lines transformed with the pNK 6 construct were designated
as 35STh lines and those obtained after transformation with the
pBin-AcTh construct as AcTh lines.
2.3. Analysis of kanamycin-resistant regenerants
2.3.1. PCR analysis
The total DNA of the plantlets was extracted with the CTAB
DNA Miniprep procedure according to Wiegel and Glazebrook
(2002) and was tested by PCR to confirm the presence of the T.
hamatum endochitinase gene. The following primers were de-
signed to screen for a 164 bp fragment of the chitinase gene: 5′-
GAGTCGGAGCCAGTCTTGTC (164R) and 5′- GACTC-
TGTCGCACAGGCATA (164L). The amplified fragment was
visualized on 1.5% agarose gel.Table 1
Botrytis cinerea infection of transgenic 35STh lines
Transgenic tobacco lines Symptoms: (Experiment 1) Susceptibility (E
35STh 1 Spots of approx. 1 cm 10%
35STh 4 Spots of approx. 1 cm Traces
35STh 5 Spots of approx. 0,5 cm Traces
35STh 7 Spots of approx. 2 cm 15%
35STh 8 No symptoms 10%
35STh 9 No symptoms Traces
Untransformed control Spots of approx. 2 cm 20%
Experiment 1: agar plugs with Botrytis cinerea mycelia were placed on the leaves. T
spraying the plants with Botrytis cinerea spore suspension. Susceptibility was measur
less than 5%.) The chitinase activity was measured without wounding and expresseThe T. hamatum endochitinase gene was amplified with the
help of the primers used during the construction procedure, and
the amplified fragments, including the above-mentioned 164 bp
fragment, were sequenced. The sequence was then identified in
the BLAST databases.
2.3.2. Southern blot
Genomic DNA (15 μg) was digested overnight with EcoRV
for the selected 35STh lines, and with NdeI for the AcTh lines.
The digested fragments were separated on 0.8% agarose TBE gel,
then blotted overnight onto Hybond N+ membrane (Amersham)
according to the manufacturer's instructions. The hybridization
probe was generated from a 281 bp PCR product of the 42 kDa
endochitinase gene of T. hamatum, using kit-stop and 164L
primers (indicated in Fig. 1). The probewas [α-32P]dCTP labelled
with a HexaLabel DNA Labeling Kit (Fermentas) according to
the manufacturer's instructions. The overnight hybridization was
carried out in Church buffer (Church and Gilbert, 1984) at 65 °C,
after which themembranewaswashed and exposed to a Phosphor
image screen (Molecular Dynamics), which was scanned on a
Storm 840 phosphor imaging system (Amersham).
2.3.3. Mould resistance tests
Fungal inhibition studies were carried out on the plants, in
order to determine the effect of endochitinase on fungal disease.
The fungus was isolated in the field and grown on potato dextrose
agar (PDA) medium (Beever and Bollard, 1970). Four different
infection methods were used: (i) leaves or (ii) stems were ino-
culated with B. cinerea agar plugs according to Lorito et al.xperiment 2) Chitinase activity (leaves) Chitinase activity (stem)
4 4
6 4.5
9 4
12 3
12 5
11 3.5
10 10
he symptoms were examined 48 h after the inoculation. Experiment 2: Effect of
ed as the percentage of infected leaves, 2 weeks after inoculation. (“Traces”mean
d in nmol MU/mg total protein/hour.
Table 2
Botrytis cinerea infection of selected AcTh lines
Lines Experiment 1A: size of
necrotic spots (cm)
Experiment. 1B: days
to wilting (days)
Experiment 2:
susceptibility (%)
Chitinase activity (leaves) Chitinase activity (stem)
AcTh 1 1.2 4 72.1 4.5
AcTh 2 1 6 81.3 15 7.5
AcTh 4 1.4 5.5 94.8 24 10
AcTh 8 7 18 10.5
AcTh 11 0.3 5.5 0 12 8
AcTh 13 0.9 8 10.3 13 3
AcTh 15 1 5 52.8 10
AcTh 22 1.1 4 34.2 13 3
AcTh 23 1.5 7 84.8 10
AcTh 25 0.9 3 60.5 8
AcTh 33 0.7 6.5 75.4 17 16
AcTh 35 1.1 5.5 38.5 12 9
Control 1.6 3 93.5 8 8.4
Experiment 1A: agar plugs with Botrytis cinerea mycelia were placed on the leaves. Symptoms were examined 48 h after infection. Experiment 1B: agar plugs with
Botrytis cinereamycelia were placed on the stems. The number of days to wilting was recorded. Experiment 2: Effect of a spontaneous infection with Botrytis cinerea.
Susceptibility was measured as the percentage of infected leaves, 2 weeks after infection. Chitinase activity was measured 3 days after wounding and was expressed in
nmol MU/mg total protein/hour.
Fig. 3. Southern analysis of selected transgenic lines. 1: pBin19-AcTh plasmids;
2: AcTh 35; 3: AcTh 33; 4: AcTh 22; 5: AcTh13; 6: AcTh11; 7: AcTh 8; 8 and
9: untransformed controls, 10: 35STh 9; 11: 35STh 7; 12: 35STh 5; 13: 35STh 4;
14: pNK6 plasmid. Samples from lanes 1–8 were digested with NdeI restriction
enzyme, and those from lanes 9–14 with EcoRV. A 281 bp fragment of the
Trichoderma hamatum endochitinase gene was used as probe for the hybri-
dization. Samples from lanes 1 and 14 were exposed for 1 h, and the others for
2 days.
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(iv) spontaneous infection occurred. The experimental conditions
were the same: 16 h light 8 h dark photoperiod, 18–20 °C and
high (minimum 90%) relative humidity. Scoring of results was
based on the size of the lesions for leaf infection assays, the
number of days until wilting occurred for stem infection, and the
percentage infection in other treatments. The experiments were
replicated three times.
2.3.4. Chitinase activity test
Enzyme activity was measured according to Jefferson (1987)
with slight modifications. A crude protein extract was isolated
from the leaves and stems of the plants. Extracts from 35STh
plants were made without wounding, while for AcTh plants the
expression peakwas determined by collecting samples 24, 48 and
72 h after wounding. The leaves were wounded by rubbing cellite
on the surface, while the stems were wounded with a scalpel.
The protein content of the extract was determined using the Bio-
Rad protein assay, according to the manufacturer's instructions.
The protein extract was incubated with 4-methylumbelliferyl-
N,N′,N″-triacetyl-β-chitotrioside (Sigma-Aldrich) for 4 h at
37 °C. The fluorescence of the sample was measured at 455 nm
with 365 nm excitation on an LS 50B Fluorescence Spectro-
meter (Perkin Elmer). A calibration curve was determined for
known quantities of 4-methylumbelliferone (MU). The chit-
inase activity was expressed in nmol MU released/mg total
protein/hour.
3. Results and discussion
Plantlets that survived on selection medium were analysed by
PCR. Twelve independent transformants (T0) of the 35STh lines
and 50 of the AcTh lines were examined. Eight of the tested
35STh lines and 39 of the AcTh lines contained the 164 bp
fragment of the 42 kDa endochitinase gene ofT. hamatum (Fig. 2).
This 164 bp fragment was sequenced aswas the 1492 bp fragment
containing the whole transgene. According to the search in theBLAST databases both the fragments examined showed more
than 99% similarity with the T. hamatum endochitinase gene.
Southern blot analysis confirmed the integration of the trans-
gene. Since the restriction enzymes cut only once within the T-
DNA and once outside the borders, a fragment differing in size
from the control confirms the integration of the transgene into the
genome. Only putative transformant lines which proved to be
tolerant in themould resistance tests or showed increased chitinase
activity (Tables 1 and 2) were examined using this method. The
transgene was strongly expressed in the AcTh lines, with different
copy numbers of the transgene in each line. All the lines contained
fragments different in size from the control, which means that all
are transgenic. The exact copy numbers are currently being
determined from the offspring of these lines. The results obtained
for the 35STh lines were somewhat ambiguous. In lines 35STh 4,
5, and 7 the transgene could apparently be detected only in one
copy, while in line 35STh 9, which gave the best results during the
biotests, the transgene could not be detected at all. One possible
explanation for the difference between the tolerance and chitinase
Fig. 4. Chitinase activity level of the leaves of selected lines 24, 48 and 72 h after
wounding. Control: untransformed plant: AcTh2, 18, 32: selected lines. The
chitinase activity was expressed in nmol MU/mg total protein/hour.
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although Lorito et al. (1998) did not find any correlation between
the copy number of the transgene and the level of transcription.
The 35STh lines contained the transgene in a single copy, while
the best AcTh lines contained two or more copies (Fig. 3).
AlthoughMcDowell et al. (1996b) reported a peak expression
level of Actin 7 48 h after the auxin treatment, it was found in the
present experiments that the transgene derived with this promoter
reached its highest expression level 72 h after wounding (Fig. 4).
In the case of untransformed plants the chitinase level increased a
little 48 h after the infection, since any kind of infection increases
the chitinase level of plants, but it then remained at this level. No
change was observed in the transgenic tobacco events 48 h after
the infection occurred, but a considerable increase was deter-Fig. 5. Mould resistance tests. Photo (a) Botrytis cinerea collected from the field an
placed on detached leaves of the plants; (d) Agar plugs containing mycelia of the fung
leaves — the difference between the independent transformant lines is clearly visib
control severe wilting occurred 3 days after infection; (g–h) no wilting observed for th
grey mould infection on susceptible stems; (j) The 35STh lines died after their ste
susceptible tobacco plants.mined 72 h after wounding. The chitinase activity level of the
AcTh18 line remained low throughout the experiment and this
line did not exhibit tolerance in the biotests. The chitinase activity
of line AcTh 2 increased greatly 72 h after the infection and this
line also gave good results in the biotests.
The results of mould infection are summarized in Table 1 and
Fig. 5. It is clear from the data that line 35STh 9 showed the
highest tolerance of B. cinerea infection and line 35STh 7 the
weakest, though when the stem was infected, all the lines were
killed. It should be mentioned that the chitinase activity mea-
surements did not confirm the results of the biotests.
The results obtained for the AcTh lines were more clear-cut
(Table 2). In one case a spontaneous infection occurred during the
grey mould tests, after which four lines (AcTh11, 13, 22 and 35)
were found to be most tolerant of the infection; in fact, line 11
seemed to be resistant. This line gave the best results in all the tests
except for the chitinase activity in the stem. LineAcTh 13was also
tolerant, although the chitinase activity in the stemwas even lower
than in the control. Table 2 only includes data for lines where the
chitinase activity and Southern hybridization exceeded the control
in at least two biotests. This is why the chitinase activity in the
stem was not measured for lines AcTh 1, 15, 23, or 25.
The chitinase level of the transgenic plants was not high (only
2–3 times the control) in mature potted plants. Mora and Earle
(2001) reported that the chitinase enzyme level decreased as the
plants matured. These authors found that the endochitinase trans-
gene was barely detectable in vines when they were transferred to
the soil.
The present results, which showed considerable variation
between the transgenic events, confirmed the observations ofd grown on PDA medium; (b–c) Agar plugs containing mycelia of the fungus,
us placed on the stem of the plants; (e) Results of the mould resistance test on the
le; (f) Results of the mould resistance test on the stems: for the untransformed
e transgenic tobacco events (AcTh 11 and 13) 3 days after infection; (i) Signs of
ms were infected; (k) Signs of grey mould infection on the intact leaves of a
318 K. Kálai et al. / South African Journal of Botany 74 (2008) 313–319Lorito et al. (1998) who found that only 5–10% of the transgenic
tobacco events were highly tolerant or completely resistant to
Alternaria alternata, A. solani, B. cinerea and R. solani. Their
work indicated that pathogen resistance corresponded to the level of
chitinolytic activity in the plant. On the other hand, Bolar et al.
(2001) found that low levels of endochitinase and exochitinase in
transgenic apple plants resulted in a high level of resistance. In
another study, Bolar et al. (2000) observed a significant negative
correlation between the level of endochitinase production and both
the disease level and plant growth. Neuhaus et al. (1991) found an
extremely high level of chitinase in transgenic tobacco plants
transformed by a tobacco chitinase gene, but the high levels of the
enzyme did not increase resistance toCercospora nicotiana. Samac
et al. (2004) observed a similar phenomenon: the endochitinase
level of transgenic alfalfa plants was 50- to 2650-fold higher than
that of the control plants, but a consistent increase in resistance to
Phoma medicaginis var. medicaginis was not observed.
On the basis of the above, it was decided to examine the
resistance not only in the leaves, but also in the stems, where the
pathogens often caused more severe damage. According to
Mora and Earle (2001) there was a negative correlation between
the size of lesions caused by Alternaria brassicicola and the
chitinase level of transgenic broccoli leaves. In contrast, the
lesion size on the petioles did not differ from the control.
The level of resistance can be increased not only with different
promoters but also through the expression of more than one
protein. Jach et al. (1995) reported the expression of three barley
proteins in transgenic tobacco under the control of the CaMV 35S
promoter: a class-II chitinase, a class-II β-1,3-glucanase and a
Type-I ribosome-inactivating protein. Their data indicated the
presence of a synergistic protective interaction between the co-
expressed antifungal proteins.
Themechanism of the resistance caused by the transgene is not
clear, but it was observed by Yamamoto et al. (2000) that conidial
germination, mycelial growth and conidial formation were sup-
pressed on the leaf surface of transgenic grapevine plants ex-
pressing a rice chitinase.
In summary, some transgenic lines containing a transgene with
one of the promoters were more tolerant of B. cinerea infection.
The stems of lines with constitutive expression were still suscep-
tible to the disease. In these lines the level of gene expression was
too low to be detected during analysis. This is in agreement with
the observations of Samac et al. (2004), who found that the 35S
promoter was expressed in the leaves and roots, and to a certain
extent in the stems, but the promoter was not active in stem pith
cells. Plants expressing the transgene only after wounding or
infection were more tolerant of grey mould infection, and gene
expression could be clearly detected. This finding contradicts the
results of Holtorf et al. (1995), who compared various constitutive
promoters and one inducible (heat shock) promoter in transgenic
Arabidopsis lines and found that the CaMV 35S promoter had the
highest expression level. In contrast Buenrostro-Nava et al.
(2006) showed that the lectin promoter, which is developmentally
regulated, caused the transgene in soybean to be expressed at a
level similar to that induced by the CaMV 35S promoter. Samac
et al. (2004) compared five constitutive promoters and found that
the cassava vein mosaic virus (CsVMV) promoter was the mostappropriate for high level transgene expression in alfalfa, proving
to be better than the CaMV 35S promoter.
A high level of chitinase activity in the stem would be
desirable for many plant species, such as raspberry, blackberry,
grape, green pepper, and tomato, since grey mould is able to
attack the stem of these plants and may cause severe damage. A
method capable of increasing the resistance of the stems would
thus be very useful for growers.
In conclusion it can be stated that the inducible Actin 7 pro-
moter is more suitable for driving the transgene as it increases
resistance in the leaves as well as in the stems. Neither the present
experiments nor data from the literature prove a clear correlation
between the chitinase level and mould resistance. This could be
due to the limited number of transgenic plants, available for
statistical analysis. However, the method could be of economic
importance for the development of transgenic lines resistant to
fungal pathogens even in the stems.
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